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Abstract

Oscillatory balloon systems witl telerobotic capyabil-
ities are beiug studied to support future spa ce explo-
ration by probes which will move up and down in
a planetary atmosphere, Tand and explore 11a1 11 ous
surface sites. On-board state estimation, supported
by a variety of scnsing sources, will be essent ial to
support 1i(’3’ balloon fuuctions such as path predic-
tion and planning, descerit and landing operations,
and science instrument pointing. ‘1310 relevantstates
niclude position and velocity plus attitude and angu-
lar velocity. The sources of seusing information -
clude inertial, image, celestial, range and radiGmetrie
sensing. A primary focus of this paper is the incop-
poration of inertial setisor data into the estimator de-

S1gn

1 Introduction

Oscillatory balloon systetns with telerobotic capabil-
ities are being studied to support future space explo-
ration by probes which will move up and down m
a planetary atmosphere, laud and explore numerous
surface sites. Current mission studies have focussed
on Mars and Venus as primary targets of interest [2].
On-board state estimation, supported by a variety of
sensing sources, will be essential to support key bal-
loon functions such as path prediction and planming,
descent and landing operations, and science stru-
ment pointing. The relevant states mclude position
and velocity plus attitude and angular velocity. The
sources of sensing information include mertial, nnage,
celestial, range and radiometric sensing [1). Figure )
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shows a typi cal dual-phase robotic balloon config ura-
t1on [6.
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Figure 11 Robotic Balloon System

For Venus balloons, the position estinmate 1s most
Important since there will be periods where the sys-
tem s effectively blind with regard to seeiug the sur-
face (e.g., during daylight at float altitudes above a
few tens of kilometers). In contrast, for Mars bal-
loous the attitude estimate is more nnportant since
the rotation errors will directly feed into the celestial

easurements,

A primary focus of this paper is the iucorporation
of inertial sensor data into the estimator design. In-



ertial sens ing allows a robotic balloon system to de-
terine or propagate jts state without reference to
any external sensing sour ces. Rate gyroscopes pro
vide information on at g lar velocity and atlow the
estimator to propagate the attitude of” the bedloon
systein. Acceleromet ers provide information on t rue
spatial accelerations as well as local gravimetric in-
formation by reacting 1o the direction of the local
gravity ficld, that is, the local vertical.

The fusion of mertial sensor data for a balloon sys-
tenn, represents a new estimmation regime that is dif -
ferent from that of a spacecraft or land rover. Unlike
a spacecraft th e balloon is not in free-fall; unlike a
rover it is notina quasi-static “rest” equitibriuim,
Iustead the ball gon system can be characterized as
a platform with pendulumi-like motion that combines
aspects of Trec-fall as well as “rest” miot ion. The ac-
celerometers sense a combination of t he gravinetyye
vertical together with the non frt-frill portions of the
spatial acceleration.

In this paper, it is shown that the combination
o f rotation @id translation information fron the ac-
cel crameter MOas grement can be Used to ad vantage
for state estitnation in a balloon system. Specifically,
an estimator is developed which exploits the effect of
the gravitational field onnertial sensors to make oh-
servable two out of three ang ular attitude variables,
In Section 2 the model for a conventional mertial es-
timat or is developed. Nextin Section 3 a discussion
motivates the exploitation of the gravitational field
by the mertial sensors. In Section 4 a model is devel-
oped to exploit the gravitational field information. A
nonlinear state estitnationschetne is then designedin
Section 5 hased on the gravity projecting model. A
simulation example is presented in Section 6. Con-
clusions are postponed until Section 7.

2 Scnsor-Integrating Model

As astarting point, a basic rigid body dynamic model
[41), will he applied to
the balloonproblemas follow's,

with forces and torques (cf.

i (1a)
w = (X lod ) (1b)
o= o (1c)
vo= o f/m (1d)
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For simiplicity all dynamics have been referenced to
the systen’s center-of-mass (CM). Here an is the total
systetn mass, & € 1% is the position of the systens CM
in Cartesian coordinates, v € 1% is the velocity, and
f € I is the corresponding Cartesian force. Like-
wise for rotational variables, I is the system inertia
matrix, ¢ € K is the attitude quaternion, w € K*
is the angular rate, and 7 € B¥ s the corresponding
torque. The rotational variables ¢, w, 7 are resolved 1
thie body frame, while the transtation variables v, f
are resolved nan inertial frame

T'ypical 1easurements for state estimation are
given by 3-axis gyro and accelerometer mceasurements
in the body frame,

Wy, =W (3a)
iy, = ](({1)(./‘/“1 - (/) (3}))

For discussion purposes, the noises and biases in the
sensors have been negleeted. Here the gyro w,,, mea-
sures the angular rate w in the body frame, and the
acceleronmeter measures the inertial accelerations due
specific (oo, non-gravitational) forces, projected into
the body frame. “The matrix R(g) € K7 denotes
the unique direction-cosine matrix corresponding to
the quaternion ¢, and ¢ is the gravity vector given by,

(4)

It is scen that ¢ is directed downward in the inertial

g = [0,0,- y(,]l

fratne. As scen in (3b), the accelerometer signal a,,, 1s
sensitive the spectfic foree f- gin rather thau the total
force f on the body. The measurement equations can

he rearranged (o becomne,

w - Wiy,

I/m R () g (5b)

According to a standard approach, the measure-
ment equations 6 are swbstituted into the dynamies

ecpuations | Lo give,
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Because the measurem ents have been subst 1 uted
into the slate equations, this formulation is denoted
as the sensor-inlegrating estimator. It is emphasized
that the rotational dynamics equation (1h) lias been
removed, and henee the torques and inertia properties
of the system d o 1ot have 1o be known. Likewise,
1 he accele rationeasurernent is usecr 10 replace the
force inthe dynamies equation (6c¢), so that only the
gravity component g M ust he known. With it jal
conditions specified as gy, o, vg, (6) canbe utegrat ed
numerically to give the state estimate at any timef.

It can be seen that any mcasurcinent noises i w,,
and a,, will add to the right hand side of (6) aud enter
as proc ess notse. Hen ce, anonlinear state estiim ation
scheme based on this formulation effectively has no
til(as~Ir(ttic’tits andsimply propagates a slate equa-
Without additional infor-
mation for position/angle, the covariance of all conn-
ponents of the state estimate will inevitably degrade

tion with process noise.

with time

Although the above approach does not include ad-
ditional complexities needed to deal with sensor bt -
ases, noises, frame transformations, coordinate tran -
formations, etc., it is essentially the methodused to
propagate the state inmost present-day mertial nav-
igation schemes.

The main contribution of the present paperis 1 o
redesign the state estimator to make two out of three
angular position variables observable This imay see
retnarkable at first since one is effectively integrating
ac celer ations and rates to gel positions. Itowever,
the extra information co mes from the known grav-
ity vector g whose projection into the hody fraime is
thcasured by the accel erometaps, This s discussed in
the next section.

3 A Thought Experiment

Consider a thought experituent where a 3-axis ac-
celerometer package is sitting motionless 1 a gravi-
tational field so that the net force acting on the pack-
age 1s [ = 0. Then from (3b) it is seen that the
accelerometer measures,

(y, = = ]{((1){/ (7)

Since ¢ is known and a,, is measured, this clearty
gives information about the attitude quaternion ¢. In
particular, a,, mecasures the projection of the gravity
veetor g into the body coordinates which ensures per-
sistent information on two of the three attitude an-
gles, The advantage of this configuration is that with

only a single additional angular mcasurernent (such
asaninexpenstve sun sehsor) the full 3-axis attitude:
¢ of the robotic balloon becomes observable.

There are several difficulties encounteredwhentry -
ing, to exploit this approach

I Force Modeling: Our siimple thought experiment
i= an oversimplification because the foree vee-
tor f = 0 is perfectly known.
mator which exploits the projected g informa-
tion, there will be difficulty distinguishing f/m

In a state esti-

from ¢ in the accelerometer measurement (3b).
T'his means that forces on the balloon must be
cavefully modeled and introduced as additional
states in the estimator.

Torgue Modcling:  If our thought experiment
was made more complicated by putting the ac-
celerometer package in a rotating body displaced
from the CM by vector £, then it would measure
the more complicated quantity (cf., Appendix A,
letting the CM play the role of the pivot point),

ay = R(g)(f/m—g)- Cw+ o w (8)
Due to the coupling with rotational acceleration
w the torques st also be modeled and intro-

duced as additional states in the estimator,

3 State Dependent Obscrvability: 1 the accelerom-
eter package is in free-fall] the nstrument nomi-
nally measures a,, = 0 and there is no mforma-
tion about the projected g vector. Henee, the

quality of the angular information will be state

dependent.

Gravity- Projecting Model

I this section, an alternative to the sensor mtegrat-
ing estimator is given to take advantage of the ad-
ditional proje ct ed g inforination.  A's pointed out
carlier. this requires explicit modeling o forces and
torques ‘To this end, the simple rigid body odel o f
the previous section will be replaced in the present
seetion by the rigid pendulum model shown e Fig-
ure 2 The point about which the pendulum pivots
i= defined as the pevot powd. 1t s seen in Figure 2
that the body frame o is displaced below the pivot
point by a vector 1. (which will be written e body
coordinates as (). Since all rotation takes place about
the pivot point, it replaces the CM 11 sed in the pre-
vious section for the rigid body without pendulum
d ynanm es. Farhier, the CM was taken to coincide



with the body frame, which simaplified the dynannes.
However, in the present model, it is not possible to
have the the body frame comncide with the pivot point
since they must be separated to create the pe ndu v
dynamics. The derivation of the accelerometer mea-
surcinent equation in the Appendix is stll applicable
to this more complex pendulum arrange e nt whien
one associates the quantity £ with the oflset vector
from the pivotl point to the body frame
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Figure 2: Pendulum Model for Balloon Systemn

The state and measu rement equations will first he
given and then explained. The state equation s given

as,
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In (Y) the forces f and torques 7 have beenmodel ed

(1)

as first-order lowpass processes. This is to capture
the effeet of the wind and atmospheric effects on the

halloonmotion.

The dynamicsof Win(9) is introduced to model the
“swaying of the gondola, which behaves as a pendu-
T with resonance frequencies Ap Ay, AL about eacly
of the three body axes. It is assumed that the param-
cters A, Ay AL are know n.sinee they cani be charac-
terized beforeh and from the physies o ¢ the balloon.
T'he rotations about the horizontal axes of the bal -
loonwillbe modeled as shmple pendula of length (3 in
a gravitational field (1. e., A, o \ﬂ,'/i},, A, o \/_r//(;,,
cf [B]). Tor sinplicity one ca n take £, to he the
length of the balloon system fromm top to bottom.
(el Figure

of the balloon will be modeled with a very soft spring

y ‘The rotation alhout the vertical axis

(1.c., A~ 0) sincetheresnophysicalrestoring force
mechanism r, this axas. The mertial scaling matrix
Iy, 1s correspondingly chiosen to give a cousistent seal-
ing from torque to rotational acceleration in the pen-
dulum model.  Alternatively one can develop more
detailed models for the effect of torques generated by
the potential well assoctated with the gravitational
field.

ceptually stinpler models which capture the essential

But here the emphasis is on the use of con-

qualitative behavior of the system.

<1 hequantity ¢(¢) reprresents an incremental a
gular variable in local body coOrdinates whi el effec-
tively is given pondulum dynamies A number of
modeling chorces are available based on characteriza-
tions of attitude by Fuler angles. Flere the snmplest
sinall-deflection model has been used:

olq) = 0(q)uly) (12)
The angle/axis characterization, 8(¢) € R and unit
vector u{y) € R2. provide a valid anigular model for
siall (linear) deflections off the local vertical [4].



However, this simple model can also be justified qual-
itatively for somewhat larger deflections.

The bias & on the gyro is now modeled with an
additional state in Fquation 9 which integrates noise
1y, The effect of the oflset vector € which displaces
the accelerometer package from the pivot point is also
included, using the estimate of w now provided by W,

Certatu a-priori information and constraints have
been carefully built into the estimator formulation
to ensure that the projected ¢ vector information is
correctly utilized. These modeling issues are briefly
outlined below.

1 The first-order lowpass noise process for [ mod-
els the total external force (including gra vit'y )
on the ba lloon as z cro-mean  In this oanner,

the desired f = 0 condition of the thought ex-

perimentis essentially being enforced inan v (l-

age stat istical sense. 111 the absence of external

forces, thisfirst-order model (assuming Ay > 0)

cnsures a contraction of the f estimate to zero,

which 1c'solves the f - gmambiguity and allows
correctuse of the projected ¢ veetor in forrnation.

2. The damping parameter ¢ > () inthe pendulnm
model dal npens the local angular coordinate é(q)
to zero in the absence ot torques, ensuring that
the p referred angula v position for the balloon is

vertical.

3. The first-ordet lowpass noise process for 7 mod-
cls the torques on the balloon as zero-mean. A's
with the forces, the condition T
enforced 1 an average statistical sense. When

0 1s heing

coupled with the damped pendulum dynamices,
this ensures that the halloon will have ranidory
motioninside a “potential well” with a preferred
vert ical position.  In the absence of any ex-
ternal torgues this first-order model (assuming
A, > ()), cnsures contraction of the restipate
to zero, while the damping parameter ¢ > 0 en .
sures that the ¢ estimate will attain a vertical
attitude.

4. The first-order lowpass nowse statisties for the
force and torque are specified commpletely by the
parameters Ay, A; and variances of the corre-
sponding noises 1y 1, . In practice, these pa-

rameters can he deterimined by approximating

the power spectrum of the wind disturbances hy
first-order lowpass processes.

5 Nonlinear State Estimation

In this section, a nonlincar state estimation scheme
is developed based on the gravity projecting model of
Scetion 4. The basic idea i s to define an ntermedi-
ate local model to which the standard continuous-
diserete Extended Kahna n Pilter (EK 1) equations
can hcapphed [3].

Letthe quaternion ¢ he given interms of angle/axis
variahles (0. u), where 0 € R1and unit vector u € R?,

as [4]:
g = [ :} ] (13a)
¢ = usin(0/2) (13h)
= (-0s(6'/2) (13c)
Because the normalization constraint ¢/¢ = 1 is

not explicitly enforced 1 the estimator design, the
quatern 10n 1/ acts as an over-parameterized represcn-
tation of the 3-axis attitude. w0 order to avoid the
redundant stat ¢, a local angula r variable 0 €¢ R? s
defined by a local linearization at the beginuing of
cach propagation step. After the completion of the
corresponding update step, the local angular variable
is absorbedinto the quaternion from the previous lin-
carization. 'The process is continued with subsequent
Imearizations. The correspond ing covariance terms
are maintained interms of the localtangular variable,
which characterizes a ball of uncertainty about the
attitude estimate,

Lo and ¢(tg) == go,alocal angular
variable 0 is defined by thechange Of variables:

For some § =

0(1)/-
q(t) = ( 1)/1 4o (14)
which can be solved o give:
oty = 2¢{q qv" } (15)

wh cre({Y Phasusedtoindicate the first three argu-
ments of the guaternion as given in (1a). Thier from
(Ta) aud (2) the hnearized equation for € becomes:
. I
0= w- —w*0

; (16)

Note that this paraimeterization is linear in 6 but pre-
serves the nonlinear dependence of w for this accu-
racy in . With this substitution for ¢ in (9), let the
Kalman filter state be denot ed by

N (0w e i) (17)



Then using, (14) to resolve all g-dependence gives, (1) Propagatc state and covariance from £ 0
from (9)-(10),(16) (i.e., substitute (14) where all ¢ {y:
dependence appears below), the new local state equa-
tion for X: Neoa(4) = Xi(=) (21a)
0 [(w- w0 0] Peald = P(-) (21)
w Y(w, ¢, 1) 0
T ~AiT | QM_A (11) Updale state and covariance at 1
£ = Iz -
v I/m 0 . _
: R N () - Xy (22a
/ - A "y
[ L 0 "y | ~; Q,n‘ AMN_L
where, )
3. Updale associated  quaternion state  and 1
V(w. g1 a imitialize local angular variable at (g
B O +4)/2 .
- NP;.\/L . a.- 0 Q».A# V = | V\ (k- - V AM.W.\—V
0 Iy 0 w
0 0 20 -
¢ 0u(4) = 0
A0 0
2 -1 .
0 y :. dlg)4 R(q 1, ' 9 4 Proceed to next stage of propagation aud updat-
L 00 X ing (k- k4 1)
As the rement equation s given as
X160 Theta Covanance (degin2
r\r\ﬁ: - 2 ' n ‘ ' ' ' ' '
tyy, ) 5
wH b 1 ‘
RO/ q)- CW(w g 7 4w wr |
05 ;
1 , , ! : : , _ , V
g A .N: 10 20 30 40 50 (28] 70 80 90 100
Ny
wx w0 ,
This is a locally valid nonlinear systent which 5 4
avoids difliculties associated with the redundancy of _
a quatermon representation of attitude. However, 1 ' A
is nonlinear and remains to be further hncarized os ]
the usual KT sense to realize the propagation and _
update stages of the filter 10 2o A 40 50 € 70 B0 8 100
The overall nonlincar state estitnation scheme for
propagating the state X, covariance P2, and associ- ,
ated quaternion state ¢ can be outlined as follows: oo
For given Npoq(4), Proy(4H), geoa(4) re- 1005
parameterize in terms of the local quaternion
state qo = qr-1(4) to get state and measure- U

ent equations of the form (18)-(20)
] ) Figure
2 Tmplement standard contimious-discrete ERKEFal v, e
gorithm (cf. [3], p. 188) on equations (18)-(20).

‘ovariance Analysis for Loca Angular




6 Simulation Example

The filter design presented in Section 4 has been -
pletnented in Matlab code. A simple example pre-
sented here illustrates the observability of two out
of three axes of rotation. Modeling paratneters
(N)-(11) were chosen to be consistent with proposed
15 Ky,
0.01. A; =

Noise covariance paratne-

mission studies for robotic halloons [6]:n =
/\‘,- = /\y = (J/l/], /\: = U, (;,. = Cy e (:: =
100571, Ay = 100,57
ters were also chosen to be consistent with the appli-
cation with the bias terin was zeroed out: o(n,) =
Soony) = LORKNgms™ a(ny) = 0.0 %,

1.0 Kgins™e
o(ng): 20x 10777 o(ng) = 1.4 x 1077 ans™ 7.

The simulation was derived from a plant model
with the balloon systemn pointing vertically downward

(i.c. (0,0,0, 1)

condition

¢ = ) but with a very poor initial

. _ sin([l(-,/‘Z)u(. o,

i = [ cos(ly /2) 1 (21a)
we = (12,112,007 (211)
o, = w2 (21¢)

The covariance plot in Figure 3 illustrates bounded
covariances for t lie - and y body axes while the angu-
lar covariance about the z body axis grows lincarly.
This validates that the estimator design works as in-
tended, providing the desired observability of 2 an-
gular rotations without the explicit use of attitude

nicasurements,

7 Conclusion

A nonlinear state estimator has been developed for
a robotic balloon. Thie staate estimator integrates in-
ertial sensor data (. ¢., till’((-aXlh accelerometersand
gyros) to Provide estimates o f both attitude and po

sihon. - A qualitative miodel for the pendulum- like
halloor motion was developed to capture the kine

matic belhiavior while avoiding unnecessarily complex
dynaimicalmodels.

A mam result of the new formulation is that two
out of three local degrees ot freedonn in the attitude
estimate bhe come observable tillolight the accelerore-
ter mcasurctnien ts of the local gravitational field By
contrast, a more convent ional esti mator design based
on direet integration of the mertial me asurcruen ts
leads to unbounded growth in the entire attitude co-
va riance due to th e integrated effect of the rate-gyro

random-walkbiases. Anlmportant ad vantage of the
new estiinator design is that only one additional at-
titude measurement is required to make the attitude
fully obscrvable  Such an additional measuren ient
cen be cconomically obtained using a measurciment
of the me-of-sight to the sun, @ 110011 of the planet,

the horizon, ot a stinn.
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Appendix A Accelerometer
Measureciment
Equation

The ac celeroneter measu rement equation will be
briefly derived. Define X as t he coordinate free vector
fronian inertial reference point O to the vehicle pivot
point [, as the coordinate free vector from the vehicle
pivot point 1( | the accel package, and P as the coor-
dinatc free vector from the inertial reference point O
t o the accel package, 1o, PP = X 4 L. The solid
will denote differentiation in the ine rt 1al
willdenote diffe renti -
Let © denote the
(oo rdinate-free) angular velocity of the body. if-

overdot <
.

frame while the overcirele “o”
ation i the vehicle body fram e,

ferentiating 7 = N+ L in the inertial frame, using
the well-known differentiation vule L= Qx 1+ L (cf.
[1]) gives,

Pos X4 Qx4

= N4 Q%1
Here, the second equality follows from the fact that

lu the accelerometer package is rigidly
clamped (by assmmption) to the vehiicle body. Difler-

Sill(‘(‘

entiating one more titne in the inertial fr: une gives,

Poos N Qx (2 I Qx4 Qx L (26)

S N4 Qx(Qx )4 Q]

Now, let P2 and X be resolved i the inertial frame as
prand x respeetively, and let L be resolved in the body
frame as (0 The angular rate 0 is also resolved iu
the body frame as w. Then, the inertial acceleration

resolved i the ertial frame is given by,

poe i R () (w4 0 ) (27)



The linear acceleration & of the vehicle pivot point s
determined by the total foree f as,

b= /= gH (/- g) (28)

Siuce the accelerometer is only sensitive to the spe-
cific force contribution (f - g}, (28) 15 substituted
mto (27) and rearranged to give,

gz [l g4 BT (g ) (WX O @20 (29)

Since the accelerometer is in the vehicle frame, we
multiply on the left by R(g¢) to give the accelerometer
measurcinent «,, (without noise),

ay w = Rigip - g) (30)
= R((f)m o g) 4w w4 w

Then (30) is the desiredaccelerornet er moasurement

cquation.
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